A study was conducted to evaluate the applicability of inductively coupled plasma-mass spectrometry (ICP-MS) techniques for determination of metals in composite diets. Aluminum, cadmium, chromium, copper, lead, manganese, nickel, vanadium, and zinc were determined by this method. Atmospheric pressure microwave digestion was used to solubilize analytes in homogenized composite diet samples, and this procedure was followed by ICP-MS analysis. Recovery of certified elements from standard reference materials ranged from 92 to 119% with relative standard deviations (RSDs) of 0.4-1.9%. Recovery of elements from fortified composite diet samples ranged from 75 to 129% with RSDs of 0-11.3%. Limits of detection ranged from 1 to 1700 ng/g; high values were due to significant amounts of certain elements naturally present in composite diets. Results of this study demonstrate that low-resolution quadrupolebased ICP-MS provides precise and accurate measurements of the elements tested in composite diet samples.
H uman exposure to contaminants in the environment may occur from ingestion, inhalation, or absorption of contaminants present in various media. Food and beverages ingested by humans represent a potentially significant pathway of exposure to many environmental contaminants. In order to assess an individual's total exposure to contaminants in the environment, the contribution of dietary exposure must be quantified. As a result, the U.S. Environmental Protection Agency (EPA) has initiated a program to identify or develop methods that can be used to measure chemical pollutants in dietary samples collected from individuals.
Method development efforts for the determination of metals in composite foods have used inductively coupled plasma-atomic emission spectrometry (ICP-AES) and graphite furnace atomic absorption spectrometry (GFAAS) techniques (unpublished data). Although these techniques are generally adequate, there is often a trade-off between sensitivity and sample throughput. GFAAS methods are sensitive and generate limits of detection (LODs) around 1 ng/g for most metals, and ICP-AES can analyze for multiple metals with a single aspiration, but detection limits are higher. Inductively coupled plasma-mass spectrometry (ICP-MS) techniques are often used for drinking water analysis (1); however, reports on the application of ICP-MS for analysis of foods have been limited (2) (3) (4) (5) (6) (7) (8) (9) . ICP-MS techniques may offer sensitivity comparable with or better than GFAAS, but should retain sample throughput comparable with ICP-AES. To date, application of ICP-MS to multielement analysis of composite food samples has not been reported.
The objectives of this study were to develop an ICP-MS method that would apply to the determination of target metals in composite food samples; provide concentration data that are both accurate and precise; minimize interferences and provide sufficient selectivity to prevent misidentification of analytes (i.e., reduce false-positive or -negative errors); and be sufficiently sensitive to detect contaminants in composite food samples collected from the general population.
The method described is a multielement determination of trace elements by ICP-MS. It provides procedures for sample preparation and determination of aluminum, arsenic, barium, cadmium, chromium, copper, lead, manganese, nickel, vanadium, and zinc in composite food and beverage samples.
METHOD

Reagents
(a) Reagent water.-All references to reagent grade water or deionized water in this method refer to ASTM Type 1 water (10) . Suitable water may be prepared by passing distilled water through a mixed bed of anion and cation exchange resins. (d) Multielement stock standard solutions (as purchased).-10 mg/mL ± 0.5% of Li, Ca, Ni, Mo, Eu, U, Be, Sc, Cu, Ag, Ho, V, B, Zn, Cd, Yb, Na, Cr, As, Sb, Tl, Mg, Mn, Se, Ba, Pb, Al, Co, Sr, La, and Th, NIST traceable (High Purity Standards). Matrix: 5% nitric acid + trace HF.
(e) Calibration standards.-From a multielement standard containing 10 mg/mL of each element to be determined, prepare calibration working standards by volumetric dilution using reagent water containing 5% nitric acid. The concentration range should cover ca 10-200 ng/mL. Internal standards must be added to all working standards for ICP-MS at a constant level.
(f) Internal standards stock solution.-Mix 1 mL each of 1000 mg/mL yttrium, indium, and bismuth (High Purity Standards) and dilute to 100 mL in 1% nitric acid to give 10 mg/mL intermediate stock internal standard solution. This solution is added to blanks, standards, and samples in an appropriate amount to give a final concentration of 10 ng/mL internal standards in the solutions to be analyzed. Additional intermediate dilutions may be made as needed. The 10 mg/mL solution may be stored in a refrigerator in an acid-cleaned plastic bottle for 2 months.
(g) Calibration blank.-Consists of 5% nitric acid in reagent water plus the internal standard solution.
(h) Laboratory reagent blank.-An aliquot of reagent water or other blank matrix that is treated exactly as a sample, including exposure to all glassware, equipment, solvents, reagents, and internal standards that are used with other samples. Must contain all reagents in the same volumes as are used in processing the samples. Internal standard solution is added after the sample preparation is complete.
(i) Laboratory fortified blank (LFB).-Consists of laboratory reagent blank spiked with 10 ng/mL of all analytes. The LFB is prepared in the same manner as the samples, including digestion. Internal standard solution is added after sample preparation is complete.
(j) Laboratory fortified matrix (LFM).-An aliquot of an environmental sample to which known quantities of the method analytes are added in the laboratory. The LFM is analyzed exactly like a sample, and its purpose is to determine whether the sample matrix contributes bias to the analytical results. The background concentrations of the analytes in the 
Sample Preparation for Food and Beverage Matrixes
Food and beverage samples are analyzed separately. Composite samples consist of a variety of foods and beverages and require homogenization before sample preparation.
Homogenization of Samples
A processor of suitable size (Robot Coupe or Cuisinart Mini-Prep) is selected to hold the sample. This selection involves estimating the volume of the sample. If the minimum estimated volume is 1000 mL >, use a Robot Coupe processor with a 6 or a 1 L bowl, depending on the size of the sample. If the estimated sample volume is <1000 mL, use the Cuisinart Mini-Prep.
If the Robot Coupe processor is used, do not add water to the food samples. If the Cuisinart Mini-Prep is used, it may be necessary to add reagent water to aid in homogenization. Water should be added in 1 mL increments. Remove any inedible food portions before blending, e.g., chicken bones. Mix sample while ensuring that food from bowl sides is scraped down toward the blades with a spatula. Run the processor on the highest speed setting for 5-15 s or to the final desired consistency. The desired consistency is a thick paste or batter with no solid inclusions. However, it may be impossible to avoid solid inclusions for some foods. These should be <2 mm and preferably <1 mm in diameter. Note: The total time the processor motor is run should not exceed 2-4 min in order to avoid overheating the sample. It may be necessary to allow the sample to cool before proceeding. If water is added (Cuisinart processor only), the total amount of water needed should be recorded in a laboratory notebook. The homogenate can be stored in a polypropylene reclosable bag in a <-10°C freezer.
Acid Digestion
Composite food and beverages are treated as samples containing solid/suspended particulate matter, and both require acid digestion before analysis. Thaw frozen, homogenized samples completely and mix well before taking aliquots. Place ca 4 g food or beverage samples (or equivalent to account for water added) into labeled, acid-cleaned 50 mL polypropylene centrifuge tube and accurately weigh to 0.0001 g. To each centrifuge tube add 4 mL concentrated nitric acid. Mix contents gently using a plastic spatula. Replace the original, solid caps for the tubes with acid-cleaned microwave caps, which are the same caps with a 2.5 mm hole drilled in the center. Cap the centrifuge tubes tightly with the microwave cap or loosely with the solid cap to release gases and let stand for a minimum of 1 h at room temperature in the Class 100 hood. If any samples react vigorously (immediate charring, extreme heat generated), add reagent water from a squirt bottle to cool the mixture and slow down the reaction. These diluted samples may require multiple microwave heating steps for complete digestion. At the end of the room temperature period, and with the microwave caps in place, place the tubes in the microwave digestion rack. Disperse the blanks and quality control samples randomly among the samples in the rack. Place the samples in the microwave digestion rack in the microwave. Insert the temperature probe in the Thermowell, and place in one of the reagent blanks. Operate the microwave digestion system by following a step program.
Step I: Program the power at 40% of 630 W full power for 20 min at a maximum temperature of 85°C; then 60% of 630 W full power for 10 min at a maximum temperature of 100°C. Upon completion of Step I, cool the samples. Once the tubes have cooled, uncap them in turn (i.e., do not mix up the caps to avoid cross-contamination). To each tube, add slowly 1 mL concentrated nitric acid and 1 mL reagent water, rinsing down the walls of the tube as the liquids are added. Recap the tubes using the same cap as previously used. Return the tray to the microwave digestion system, and operate by following Step II.
Step II: 40% of 630 W full power for 10 min at a maximum temperature of 85°C, 60% of 630 W full power for 10 min at a maximum of 100°C, and 60% of 630 W full power for 15 min at a maximum temperature of 115°C. Cool tubes to room temperature upon completion of the program, and place in a sample tray in a Class 100 hood. Add internal standards and bring samples to final volume of 100 mL with reagent water in a volumetric flask. Digestion is incomplete if particles remain in the tube. Let particles settle in the volumetric flask, and analyze only the solution. If necessary, to avoid clogging of the nebulizer or skimmer/sampler cones with undigested fat or particulate material, filter aliquots of the samples with Nalge (Rochester, NY) disposable preassembled filtration units with 0.2 or 0.45 mm cellulose nitrate filters. Include a reagent blank and a quality control sample to evaluate loss/gain of analyte during the filtration step. Analyze samples by ICP-MS. The ICP-MS instrument operating conditions are shown in Table 1. Analytical isotopes and additional masses that must be monitored are shown in Table 2 .
Interferences
Interferences related to quadrupole-based ICP-MS must be recognized and corrected. Such corrections include compensation for isobaric interferences from elements such as chloride, argon, krypton, oxygen, or calcium; polyatomic species; and physical and memory interferences (11) . Instrumental drift and suppressions or enhancements of response caused by the sample matrix must be corrected by the use of internal standards. Several interference sources may cause inaccuracies in the determination of elements by ICP-MS. A number of potential interferences may occur due to the variability in the composition of composite diet samples. Cr due to carbon residue from incomplete digestion. The analyst should be aware of these interferences and check for them.
Results and Discussion
A single laboratory evaluation was made of performance parameters, including precision, accuracy, and LOD. A variety of samples were tested, including reagent blanks, reagent controls, NIST standard reference materials, unfortified food and beverage samples, and food and beverage samples fortified at 2 different concentrations. Food matrixes included rice cereal, a standard fatty food recipe (12) , and duplicate food and beverage samples collected as part of an EPA exposure-monitoring study (13) . Acceptable limits were set at 70-130% recovery of fortified samples and <25% relative standard deviation (RSD) for multiple analysis of a single sample.
LODs were determined by independently preparing and analyzing 12 reagent blanks by the digestion and ICP-MS procedure described. Analyte concentrations were calculated for each of the 12 reagent blanks, and LODs for the digest were calculated as 3 times the SD for each analyte (14) . LODs are shown in Table 3 . LODs in the digest were in the range of 0.04-0.91 ng/mL for all elements tested except Zn and Al, which had LODs of 6 and 69 ng/mL, respectively. High LODs for Zn and Al were due to relatively high concentrations of these elements contaminating the reagent blanks.
LODs for food were calculated as LOD (digest)1 00 mL/4 g, where 100 mL is the final volume in a food digest and 4 g is the nominal mass of food used in a digest (14) . LODs calculated as food concentrations ranged from 1to 23 ng/g for all elements except Zn and Al, which had food LODs of 150 and 1700 ng/g, respectively. LODs for elements tested in the present study compared favorably with those reported by Baker et al. (14) using ICP-MS. Those investigators reported LODs calculated for a reagent blank digest (2 blanks analyzed 3 times each) for 6 elements common to the present study (V, Cr, Mn, Ni, Zn, and Cu), which ranged from 0.04 to 6 ng/mL and 2 to 20 ng/g calculated for solid matrixes, and included food and biological samples. LODs reported here also compared favorably with those reported by Leiterer et al. (15) in pine needles for 8 common elements (Al, V, Cr, Ni, Cu, Zn, Cd, and Pb) with the exception of Al and Zn. Those authors reported values ranging from 4 to 180 ng/g, based on analysis of standard solutions and calculated according to the dry mass of matrix used in analysis.
Accuracy of the method was determined through analysis of 2 certified reference materials. First, an oyster tissue CRM (High Purity Standards) was analyzed for Al, Cr, Mn, Ni, Cu, Zn, As, Cd, Ba, and Pb. This CRM is a solution containing elements in a ratio corresponding to the dissolution of an NIST oyster tissue standard reference material (SRM). In addition to elements of interest, it also contains elements that may cause interferences similar to test samples. This material was fortified with internal standards and was analyzed with no digestion or addition of other reagents for demonstration of the instrument detection. Table 4 shows results from 3 separate analyses on 3 separate days and represents data obtained on a daily basis when a number of food digests were analyzed for multiple elements. Mean recoveries for all 3 days ranged from 86 to 105% of the certified value for all elements except Al and Cr. Poor recoveries for Al and Cr in the oyster tissue were due to the low concentrations in the CRM. Certified levels were 300 and 0.7 ng/g, respectively, and the LODs for this method were 1700 and 1 ng/g, respectively. Vanadium was measured in the samples, but recoveries were not obtained because V was not certified in the CRM. Precision measured as percent relative standard deviation (%RSD) ranged from 4.4 to 13% for the same elements, excluding Al, V, and Cr.
The second reference material tested was an NIST bovine liver (SRM 1157b; NIST). Results of analysis of this material are shown in Table 5 . Recoveries for the certified elements (Cd, Cu, Mn, Pb, and Zn) ranged from 92 to 119% with a precision of 0.4-1.9% RSD. Recovery of Se, at 192%, was unacceptable. Bovine liver SRM contained organic matter (proteins), which remained in the final digestrate. It is likely that carbon in the digestrate enhanced the Se signal (16) . Consequently, this method is not recommended for determination of Se.
Method performance was also characterized by analyzing various food and beverage matrixes fortified at 2 different levels, approximating the range of concentrations anticipated in composite dietary samples collected in human expo- sure-monitoring studies. One spiking level (low) was 2 times the LODs; the second (high) was 5 times the LODs listed in Table 3 . Results of analysis of fortified reagent blanks, rice cereal, a fatty food composite (12), a composite beverage, and 2 duplicate diets are shown in Table 6 . Recoveries from the reagent blanks fortified at the low level ranged from 85 to 100% with a precision of 1.2-10.5% RSD for all elements tested. Similarly, recoveries from reagent blanks fortified at the high level ranged from 89 to 97% with a precision of 0.5-5.0% RSD for all elements tested. These results suggest that only minimal losses occur through the digestion and analytical process in the absence of sample matrix. Recovery of elements from rice cereal fortified at the low level ranged from 69 to 115% with a precision of 1.4-16.3% RSD (Table 6) . These values were considered acceptable, with the exception of Cr, at 69% recovery. However, the fortification level for Cr (2 ng/g) was less than the incurred level (89 ng/g) in the rice cereal sample, which may have contributed to the low recovery value. Rice cereal was not fortified at the high level.
Recovery of elements from a fatty food composite (12) fortified at the low level ranged from 75 to 102% for all elements except As, Ba, Cd, and Se (Table 6 ). Similarly, recoveries from the fatty food composite fortified at the high concentration ranged from 88 to 104%, with much poorer performance for As, Ba, Cd, and Se ( Se in ICP-MS is too great to permit accurate determination of selenium by this method. Selenium recoveries may have also been affected by the carbon content of the sample (16) . Fortification levels of Cd (4 ng/g) were very small compared with the incurred Cd (360 ng/g) in the fatty food matrix, making it difficult to accurately quantitate the additional amount of Cd. Extremely high values for Ba recovery from this matrix could not readily be explained.
Elemental recoveries from a composite beverage matrix were within an acceptable range for all elements tested, at both fortification levels, with the exception of Se fortified at the low level (Table 6 ). Recoveries ranged from 75 to 101% at the low fortification level and from 88 to 101% at the high fortification level, excluding Se. Precision was also acceptable, ranging from 0.6 to 4.2% for both fortification levels, excluding Se.
Results of analyses of 2 duplicate diet samples collected in a Child Dietary Lead Pilot Study (13) and fortified at low and high concentrations are also shown in Table 6 . In general, recoveries for all elements were within acceptable limits, at both fortification levels, except that Se was not recovered for the reason stated above. High recovery of Ba and low recovery of Ni from the duplicate diet 1 sample fortified at the low level was not readily explainable. Poor recovery of As from the low level fortified duplicate diet 1 sample may have been due to the fact that the fortification level (9.2 ng/g) was less than the incurred level (430 ng/g).
Method performance reported here compares favorably with performance of similar ICP-MS methods for determination of metals in various food or related matrixes, although no other methods have reported performance with composite diet samples. For example, recoveries of Cr, As, Se, and Pb from fine flour exceeded 150% and recoveries of Cr, Zn, As, and Se from milk powder exceeded 140% (5) . Recovery of Ni from fine flour was <70%. Precision was not reported. Poor performance for As and Se was similar to that reported here, whereas the results of the present study for Cr and Pb were better than those of Zhou and Liu (5). Baker et al. (14) reported recoveries of Cu, Zn, and Mn ranging from 74 to 109, 91 to 110, and 94 to 99%, respectively, from a variety of food-related SRMs. These results are comparable with those reported in the present study for similar elements.
Using flow injection coupled to ICP-MS, Harrington et al. (9) determined 13 metals in 3 food matrixes as well as an oyster tissue SRM. Recoveries from the oyster tissue SRM ranged from 79 to 113%, comparable with that reported here. Shiraishi (17) reported recoveries of Mn, Cu, and Cd ranging from 70 to 104% from bovine liver SRM with a semiquantitative ICP-MS method, again similar to the results reported here. Although Se recoveries reported here and by others (5, 7) were inconsistent, Zhang and Combs (4) reported acceptable recoveries of Se from various plant tissue SRMs, including corn bran, wheat gluten, and corn kernels, with hydride generation ICP-MS.
This method is not suitable for determination of mercury, organomercury compounds, silicon, silver, tin, antimony, and other volatile elements or those forming insoluble hydrated oxides or other insoluble compounds. The sample digestion procedure given in this method will solubilize and hold in solution only minimal concentrations of barium in the presence of free sulfate. For the analysis of barium in samples having varying and unknown concentrations of sulfate, analysis should be completed as soon as possible after sample preparation.
Conclusions
Overall the method reported here was considered suitable for the purpose of measuring Al, Cd, Cr, Cu, Pb, Mn, Ni, V, and Zn in composite diet samples of the type collected by the EPA, National Exposure Research Laboratory-sponsored human exposure-monitoring studies. The method was not suitable for determination of Se. Erratic recovery of As and Ba, with extremely high values in fatty food samples, probably caused by the presence of chloride (for As) or unexplainable causes (for Ba), also render this method questionable for As and Ba.
